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Abstract 
The volumetric composition of a grinding wheel is decisive for its structure and topography properties. However, the application-specific 
choice of grinding wheels is commonly based on experience. To enable a knowledge-based selection of grinding wheels, the WZL and the 
IGPM of the RWTH Aachen University develop a mathematical model in order to simulate the structure and the topography of a grinding 
wheel dependent on its volumetric composition. This paper presents a numerical model, which allows the simulation and display of the 
grinding wheel structure depending on its volumetric composition. Thereby, the grain morphology, the grain size distribution as well as pores 
and different bonding types are considered. Furthermore, a method to verify the results of the model is introduced and the correlation between 
the simulation and the real grinding wheel structure is shown.  
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Among others, the productivity of a grinding process and 
the quality of the machined workpiece results from the kine-
matic interaction between the workpiece and the grinding 
wheel topography. The characteristic properties of the grin-
ding wheel topography are dependent on the preparation by 
means of dressing, the wear conditions and the grinding wheel 
specification. The surface quality of the workpiece, chip 
formation mechanisms and grinding forces are directly related 
to the shape and the size of the kinematic cutting edges which 
are determined by the abrasive grains on the surface of the 
grinding wheel [1,2]. In contrast to [3], where the grains are 
positioned appropriately on the grinding wheel surface, the 
number of grains, their orientation and their distribution in the 
grinding wheel topography are significantly determined by the 
specification of the grinding wheel. Several approaches have 
been made to measure and describe the functional properties 
of grinding wheel surfaces (see [4-11]), but the dependency of 
the grinding wheel topography from its structure is not well 
known. Therefore, an innovative approach for the description 
of a grinding wheel structure depending on its volumetric 
composition is presented and discussed. The research work 
presented in this paper focuses on an approach to create a 
detailed numerical 3-D model of the grinding wheel structure, 
which reflects a realistic distribution of the grinding wheel 
components grains, bond and pores, depending on their volu-
metric fractions VG, VB, VP. For this, in a first step different 
grain morphologies are defined mathematically [12]. In a 
second step real grains are measured and provided for the 
model as three dimensional objects. This enables a simulation 
of real grinding wheel structures. In the following, the 
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components grains, bond and pores are distributed randomly 
in the volumetric structure model according to their 
volumetric fractions. The modelled structure is cut by a plane 
to get a view inside. By this, the modelled 3D-structure can be 
compared with the structure of real grinding wheels. 
Nomenclature 
CBN Cubic Boron Nitride 
aG Grain distance 
͞aG Average grain distance 
nG Number of grains per area 
sG Grain size 
͞sG Average grain size 
VB Bond volume fraction 
VG Grain volume fraction 
VP Pore volume fraction 
VSE Volumetric structure element 
2. Experimental setup 
At the beginning of the investigations a methodology for 
the identification of real grinding wheel structures depending 
on their volumetric composition was developed. By using this 
structure analysis, obtained results were used to verify the 
numerical structure model presented in chapter 4. 
The structure analysis is based on structure cuts of real 
CBN grinding wheels. Therefore, samples of eleven different 
grinding wheel specifications were embedded in a two-
component-compound and prepared by means of grinding, 
lapping and polishing processes. Afterwards, the generated 
surfaces (structure cuts) were recorded by a light-optical 
microscope.  
All of the investigated specifications had a synthetic resin 
bond. They differed in average grain size ͞sG, grain volume 
fraction VG, bond volume fraction VB and pore volume 
fraction VP (see Table 1).  
Table 1: Nomination and specification parameters. 
Nomination Grain 
size sG 
[µm] 
Grain 
volume 
fraction 
VG [%] 
Bond 
volume 
fraction 
VB [%] 
Pore 
volume 
fraction 
VP [%] 
1. R 46-1-31/59/10 46 31.25 58.75 10 
2. R 91-1-31/59/10 91 31.25 58.75 10 
3. R 181-1-31/59/10 181 31.25 58.75 10 
4. R 91-1-31/64/5 91 31.25 63.75 5 
5. R 91-1-31/54/15 91 31.25 53.75 15 
6. R 91-1-40/50/10 91 40 50 10 
7. R 91-1-40/60/0 91 40 60 0 
8. R 91-1-25/65/10 91 25.3 64.7 10 
9. R 46-1-31/69/0 46 31.25 68.75 0 
10. R 91-1-31/69/0 91 31.25 68.75 0 
11. R 181-1-31/69/0 181 31.25 68.75 0 
 
For the arrangement classification of the grains in the 
grinding wheel structure, the “Method of k-nearest neighbors” 
was adapted. The concept of the nearest neighbor method is 
based on the classification of data sets that can be character-
ized as a function of their nearest neighbors. To detect the 
grain material, the software tool, based on the software 
LabView by National Instruments, which is hereinafter 
referred as "Structure Tool", has been developed.  
The detected grains are numbered from i = 1, 2, ..., n and 
the Euclidean distance of all grains is identified. By means of 
the “Structure Tool” the position of individual grains in the 
structure cuts of abrasive layers, their center points and their 
distances from one another can be determined. Finally, the 
distances to the k = 6 nearest neighbors for each grain are 
determined and the resulting distance distribution is used for 
the characterization of the structure. This procedure is 
illustrated in Figure 1. 
Thus, the “Structure Tool” delivers the parameters number 
of grains per area nG, the average grain distance ͞aG and the 
grain distance distributions, which can be used to match the 
structures developed by the numerical structure model with 
real grinding wheel structures. 
 
 
Figure 1: Determination of grain distance function with the Structure Tool 
3. Modelling of grain morphologies 
For the development of the grinding wheel structure, the 
grain morphologies play an important role. Within the 
framework of modeling the geometrical structure of grinding 
wheels different kinds of modelled grains were developed. 
One method to provide grains for the structure model was to 
analyze real grains and convert them into a 3D model. 
Currently only 2D methods are used in industrial applications 
to describe the shape of abrasive grains. The disadvantage of 
those methods is that the shape of a grain is only measured in 
a plane. To overcome this disadvantage a 3D-measurement 
approach was evolved. The grains are measured in a Micro 
CT Scan to identify their three-dimensional shape layer by 
layer. Detailed and further information about this approach is 
found in [12]. The grain models were meshed with a high 
number of triangles, which leads to large amounts of data for 
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each grain. Therefore, it was necessary to reduce the com-
plexity of the triangle meshes, while not deviate from the 
measured geometry excessively. Some effective algorithms to 
reduce the amount of data without changing the geometry 
excessively are presented in [13]. The used algorithms are de-
signed in such a manner that the resulting polygonal mesh 
maps the geometry in accordance with the change of local 
characteristics. First, a tolerance for the enclosed object 
volume less than 1 percent is set and a metric for the 
evaluation of the geometry is defined. Following, nodes are 
removed gradually so that the resulting error does not exceed 
the tolerance. An example where a simplification of the 
triangle mesh is realized in two steps is given in Figure 2. 
 
 
Figure 2: Simplification of triangle mesh to reduce amount of data. Initial 
grain model (A) with approx. 200,000 nodes and models with increasing 
degree of simplification: (B) with approx. 5,000 nodes and (C) with approx. 
1000 nodes. 
Because of the high effort expenditure of such 
measurements and high challenges by computing non-convex 
grain-bodies, a method to create the geometrical shapes of 
convex grains mathematically was evolved. On the basis of 
intersections of an equilateral cube (hexahedron) with a 
tetrahedron and an octahedron the shapes of ideal CBN grains 
are modelled. 
Therefore a MATLAB-based tool was developed, which 
allows a user-friendly shaping of custom grain types (see 
Figure 3). Inspired by the ABN grain morphology system of 
the company Element Six, this tool calculates specific grain 
shapes depending on the intersections of the mentioned 
geometrical bodies (in this case ABN 600). Furthermore, the 
different randomly customized grain shapes can be modelled 
in different grain sizes. Both symmetrical and asymmetrical 
grain size distributions can be shaped according to 
DIN ISO 6106 [14], which is a standard for checking the 
grain size distributions of superabrasives. Different grain 
shapes can be clustered in groups, according to the ABN 
system, so that these grain types are available for the structure 
model in combination (see restriction-frame in Figure 3). 
Within this approach the discretization-factor of the grain 
shape can be defined. In addition, it is possible to randomize 
the shape of the grains by varying their length ratio and the 
angles of the intersection between the geometrical bodies 
which are used to model the grain. Either the real measured 
CBN grains or the numerically modelled ideal grains can be 
used in the following simulation to create the numerical 
structure model.  
4. Modelling the Numerical Structure Model 
Since different grain types are available a volumetric 
structure element (VSE) of a grinding wheel is simulated. 
Therefore, the modelled grains both the real measured CBN-
grains and the mathematically developed ideal CBN-grains 
can be combined in defined positions with pores and a 
bonding material.  
In the first approach, synthetic resin bond was chosen for 
the real grinding wheels and the simulated VSE because this 
bond type fills the space between the grains in the VSE 
completely with bond material. The pores of the grinding 
wheel are modelled in the VSE as spheres, appearing in the 
volumetric structure model as open spaces.  
The general approach is shown with a small model of 
convex CBN-grain shapes schematically in Figure 4. First, the 
ratio of grains and pores is determined, which should be 
contained in the model. The ratio of these components is set 
based on the targeted volumetric proportions, taking into 
account their size distributions. The orientation of the grain is 
set randomly. The shape of each grain is selected from the 
restriction-frame as shown in Figure 3. In a second step, for 
the initial grain and pore arrangement in the VSE, the smallest 
bounding sphere for any grain and pore is calculated by an 
algorithm of Gärtner [15]. By means of the biggest calculated 
bounding sphere the grains and pores are arranged in a way 
that a hexagonal close packing of the bounding spheres is 
achieved (see Figure 4, step I). Since only very small particle 
volume fractions of the components grain and pore can be 
reached in an arrangement using the largest bounding sphere, 
the grains and pores are translationally and rotationally shifted 
toward the center of the VSE. In this way, the distances 
between the grains and pores are reduced, i.e. the grain and 
pore arrangement is compressed. As the result, an increase of 
the volumetric grain and pore volume fraction in the center of 
the VSE is reached (see Figure 4, step II). This process is 
continued until the targeted volumetric ratio of grains, pores, 
and bond is achieved in a defined volume around the center of 
the VSE. This cutout volume is defined as a bounding box 
(Figure 4, step III). 
A) B) C)
Figure 3: Numerical method to create and randomize ideal, convex CBN-
grain shapes, according to the ABN system of Element Six 
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Once the volumetric target composition is reached in the 
VSE, the VSE is cut free from the outer parts of grains and 
pores (see Figure 4, step IV). Following, the cube is cut 
stochastically by a plane, and a structure cut of the VSE is 
done (Figure 4, steps V and VI). This structure cut from the 
model is compared to the structure cut of a real grinding 
wheel with the same specification in a comparative 
quantitatively analysis, presented in Chapter 5. 
5. Results and discussion 
To validate the geometrical structure model, a quantitative 
analysis of the real grinding wheel structures of the 
specifications 1-3 and the modelled counterparts was carried 
out. By applying the “Structure Tool”, both the real grinding 
wheel structure cuts and the modelled structure cuts were 
analysed and compared. A direct qualitative comparison of 
the structures of three real grinding wheels and the 
corresponding modelled structures of these specifications is 
shown in Figure 5. The three specifications differ in their 
grain size. The volumetric ratio of grains, pores and bond is 
kept constant. The influence of an increasing grain size to the 
structure of the real grinding wheels is clearly visible. The 
smaller the grains are, the higher is the grain count in a 
constant area for a constant grain fraction in the grinding 
wheel (Figure 5, left side). On the right side of Figure 5 the 
corresponding modelled grinding wheel structures are shown. 
A variation of the grain size in the model results in a structure 
similar to the real grinding wheel structures.  
Beside the qualitative comparison of the real grinding 
wheel structure cuts and the modelled structure cuts, the 
quantitative verification of the model was done by means of 
the parameters number of grains per area nG, the average grain 
distance ͞aG and the grain distance distribution. Table 2 shows 
that the numbers of grains per area nG as well as the average 
grain distance ͞aG are similar for the analysed grinding wheels 
and the modelled structures at the same specification.  
 
Table 2: Comparison of the numbers of grains per area nG and the average 
grain distance a͞G in real structure cuts and modelled structure cuts. 
Nomination Number of grains per 
area nG [mm-2] 
Average grain 
distance ͞aG [µm] 
 Real 
structure 
Modelled 
structure 
Real 
structure 
Modelled 
structure 
1. R 46-1-31/59/10 184 211 76 72 
2. R 91-1-31/59/10 74 87 126 128 
3. R 181-1-31/59/10 21 24 241 276 
Especially the average grain distance ͞aG shows in the real 
structures as well as in the modelled structures a similar 
behavior depending on the grain size of the specifications. 
In Figure 6 the grain distance distributions of the three 
specifications are presented. The graph at the top (A) shows 
the influence of the average grain size ͞sG on the grain distance 
distribution. At a lower average grain size the number of 
grains per area rises. Thus, the average distance between the 
grains increases with an increasing grain size and the grain 
distance distribution moves to higher values. Furthermore the 
investigations on the real grinding wheels show, that the grain 
distance distributions become broader with an increasing 
Figure 4: Approach to model a volumetric structure element (VSE) of a 
grinding wheel. I) Initial VSE, II) Compressed VSE, III) Compressed VSE 
with Bounding Box, IV) Tailored VSE, V) Cut through tailored VSE,  
VI) Structure Cut 
͞sG = 46 µm
͞sG = 181 µm
Real Structure Cuts Modelled Structure Cuts
500 µm
500 µm
500 µm
͞sG = 91 µm
500 µm
500 µm
500 µm
Figure 5: Comparison of the structures of three real grinding wheels with 
different average grain sizes ͞sG (left side) and the corresponding modelled 
structures of these specifications (right side) 
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grain size, which is also expressed in a rising standard 
deviation. 
The lower graph (B) shows the grain distance distributions 
of the corresponding modelled structure cuts. It is clearly 
visible, that the grain distance distributions of the modelled 
structures show a similar behavior as the distance distri-
butions of the real grinding wheel structures. A comparison of 
the graphs indicates an equal dependency of the grain distance 
distributions regarding to their average grain distance and 
their standard deviation. However, the small differences 
between the graphs can be explained by relatively small 
analyzed modelled areas, due to a high calculation time for 
big structure models. This can lead to deviations in the grain 
distance distributions. In further investigations bigger models 
will be simulated to ensure statistical security. 
Conclusion 
In this research paper, a method to simulate a detailed 3-D 
model of the grinding wheel structure is presented. By means 
of the simulation it is possible to generate a grinding wheel 
structure with a realistic distribution of the components 
grains, pores and bond, depending on its volumetric fraction 
composition. Furthermore, a method to measure and transfer 
the shape of CBN grains into the model is discussed. In 
addition, a method how to create numerically realistic CBN 
grains is described. The results show that the model is able to 
reproduce real grinding wheel structures close to reality. In 
the future it is planned to simulate grinding wheel topogra-
phies depending on the volumetric structure and the dressing 
parameters. Therefore, in a first step the fracture behavior of 
the grinding wheel specifications is investigated and in a 
second step the according modelled grinding wheel structures 
are cut by a modelled dressing tool. The resulting topography 
can be used in kinematic penetration calculations to predict 
the surface finish quality of ground materials depending on 
the volumetric composition of grinding wheels. In further 
steps, the model also can be used in combination with [16] to 
investigate the influence of the volumetric composition on the 
grinding force and process temperature with a significant 
reduction of grinding experiments.  
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Figure 6: Grain distance distribution depending on the average grain size.  
A) Resin bonded grinding wheels with a grain volume fraction of 31.25 %. 
B) Modelled Volume Structure Element with synthetic resin bond and a grain 
volume fraction of VB = 31.25 %. 
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